The aim of this study was to enhance waste from the livestock production chain using insects to produce biomaterials that can fall within the agricultural production cycle (e.g. plastic mulch), in order to achieve sustainability throughout the technological process. After stabilization by drying, mature larvae of Hermetia illucens reared on substrate composed of poultry manure, zeolite and water were chemically separated in the laboratory to extract the proteic, lipidic and chitinic fractions. Proteins were then isolated and added to other components in order to obtain bioplastics. The environmental impacts of the bioplastic production process developed at a laboratory scale was evaluated through the Life Cycle Assessment (LCA) methodology.
INTRODUCTION
The disposal of livestock manure/waste from the zootechnical value chain and the organic fraction of municipal waste is subject to strict regulations in terms of traceability which involves high costs and prevents alternative uses. This kind of waste is ultimately used to produce poor quality compost.
In nature, these organic materials are the optimal substrate for the growth of various insect species that are able to adapt and thrive in environments with high amounts of microorganisms. Insects can play an important role in recycling waste or other nutrients accumulated in the environment [1] . According to these authors, Hermetia illucens Linneaus, 1758 (Diptera, Stratiomyidae), one of the most studied species for its potential use as a food product, seems to be able to consume manure from poultry and pig farms and to convert it into biomass with a high protein and lipid content.
Several studies have investigated the nutritive composition of insects and their potential use as a source of protein, both for human consumption and animal feed [2] - [6] , or as a source of fats for biodiesel production [7] - [11] . This study investigates the potential of proteins extracted from the prepupae of Hermetia illucens grown on poultry manure substrate, as the basis for a new type of bioplastics. The creation of a system that uses insects to transform waste into usable materials for the development of biomaterials is part of a sustainable design approach that is the undisputed driver for the change and development of new production technologies.
In order to evaluate the environmental profile of insect-based products, the environmental impacts associated with the whole life cycle of these processes should be quantified. Life cycle assessment (LCA) is an essential tool for analysing and evaluating the environmental impact of production systems and insect-based products. However, the scientific literature on this specific field of research is still limited. Using the LCA approach, Oonincx and De Boer [12] published a detailed environmental impact assessment in terms of global warming, agricultural land use and energy consumption for the mass farming of two species of mealworms (Tenebrio molitor and Zophobas morio) in comparison with traditional protein sources for human consumption (milk, chicken, pork, beef). Their results highlighted greater GHG emissions and land use associated with milk, chicken, pork and beef systems, whereas similar amounts of energy are required in conventional and mealworm protein production. However, Oonincx and De Boer [12] reported that the high energy consumption observed for the production of insects is due in large part to the need to air-condition the breeding environment.
De Boer et al. [13] used LCA to compare different protein production scenarios in order to investigate whether soybean products from South America could be replaced by protein sources produced in Europe, without negatively affecting the carbon footprint of the feed (CFP). They found that mealworms seem to have little potential for inclusion in compound feed, without increasing the CFP, because replacing 12% soybean products from South America with 6.1% insects (mealworms) increased the CFP from 595 to at least 717 g CO2 eq. per kg of compound feed. This is partly caused by the large energy requirement for heating during the production phase and a drying step thereafter. However, they also concluded that the use of other insect species with a low energy requirement during rearing and higher nutrition values, reared on waste products instead of feed ingredients, could increase the replacement potential of insects.
Van Zanten et al. [14] focused on the use of housefly larvae grown on poultry manure and food waste as livestock feed. They concluded that the energy use is the main contributor to the direct environmental impact of larvae meal production. Indirect environmental consequences entail the inclusion of the environmental impact of producing the energy needed to replace the original bioenergy function of FW used for feeding housefly, which is "situation specific" depending on the use of FW in the system under investigation (aerobic digestion, anaerobic digestion, etc.).
Salomone et al. [15] used LCA methodology to assess the potential environmental impacts of food-waste bioconversion into compost and dried larvae through the action of Hermetia illucens. Results related to the functional unit of 1 tonne of food waste treated show a value of 30.2 kg CO2 eq. in terms of global warming potential, 215.3 MJ in terms of energy use, and 0.661 m2a in terms of land use. When compared with alternative sources of raw material for feed or biodiesel, these results show that the most significant benefits of insect production are connected to Land Use, while Energy Use is the main burden.
In this study, we applied LCA approach to evaluate the environmental performance of the production process of innovative bioplastics created from biopolymers obtained from proteins extracted from the black soldier fly (BSF), grown on poultry manure. The aim was to develop a detailed picture of the environmental profile of the bioconversion process and of the availability and quality of the data.
MATERIALS AND METHODS
This section characterises the insect species under investigation, and then details the LCA method and data. The black soldier fly (BSF) is a Dipteran fly of the Stratiomyidae family and Hermetia illucens species. The BSF is native to the warm and temperate zone of America, and was then introduced to the tropical and subtropical regions worldwide [16] . The larvae are extremely voracious (they consume a quantity of food substrate equal to twice their weight on a daily basis) and can grow on different types of organic waste, including waste from the agri-food industry and agricultural processes, zootechnical waste, and urban wet waste, thereby reducing its mass significantly [17] - [21] . Adult BSFs are large and can reach a maximum length of 20 mm. Under ideal conditions (food supply, temperature, and humidity), BSF larvae can develop into prepupae within two weeks, however the developmental timing depends heavily on farming conditions. The BSF life cycle can be divided into five main phases: egg, larva, prepupa, pupa and adult. A special feature of the adult stage is that they do not have mouthparts, thus they do not feed. However, they survive thanks to the fat stored from their larvae stage [22] , [23] and therefore adequate nutrition is important in this stage. The BSF does not come into contact with any degrading or fresh organic material including foodstuffs, and can therefore not be regarded as unsanitary or a vector of diseases [24] . Adults only live for 5-8 days, during which time they need be able to mate and lay eggs. When the moment of mating arrives, the males come together to "court" and "conquer" the females of the same species. Eggs are laid inside cracks and crevices, in dry environments near to the larval substrate, where the offspring can easily flourish. Once mated, the female lays an egg clutch of 200 to 700 eggs which hatch within 4 days [25] . Once born, the larvae fall into the substratum, the source of food where they will feed. The larval stage, in fact, seems to be the most vital in terms of waste management as it represents the stage where the larvae feed and thus contribute to the bioconversion. The larvae feed for about two weeks, before moving to the prepupae stage, in which they accumulate sufficient fat which will be an energy source for the adult stage. Newton [26] states that the larval stage can be extended for up to four months if food is limited [19] . The prepupae stage, which is the last BSF larvae stage, is important in terms of waste transformation that is still happening [27] and in conversion of biomass. The prepupae are characterized by a change in colour: they turn from white to dark brown. They also tend to migrate from the larval habitat (food source) to another place which ideally must be dry and dark [16] , [22] . The pupal stage represents the last stage before the appearance of adult flies and takes about two weeks together with the prepupae phase. The prepupe of Hermetia illucens, grown on animal excrement, have a high protein and lipid content, of 43.2% and 28%, respectively, and an ash content of 16.6%. The values are expressed on dry matter. The composition of the BSF is strongly influenced by the stage of development and, above all, by the type of substrate on which it is grown.
The implemented method: life cycle assessment (LCA)
The present study was carried out adopting the LCA methodology [28] , [29] . An LCA entails identifying and assessing the potential environmental impact associated with a material, product, service or process throughout its entire life cycle, from the raw material extraction and processing, through manufacturing, transport, use and final disposal.
Goal and scope
We assessed the environmental impact associated with the laboratory-scale production of innovative bioplastics produced from biopolymers obtained from proteins extracted from BSFs. These bioplastics, mainly used in the agricultural sector (e.g. sheet mulching), aside from carrying out their primary function, act as a slow-release fertilizer, releasing nitrogen during their decomposition. The residue, which is not assimilated by the larvae, is also useful for agronomic purposes, as it is a high quality compost.
Functional unit
The functional unit is represented by the amount of bioplastic produced (0.403 gr).
System boundaries
The system boundaries range from the BSFs reared on organic substrates to the bioplastic production, by passing through the phase of isolation, characterization and extraction of the biomolecules. The energies, materials, water, main equipment with their end of life, transport, waste and their treatment, emissions into the air at the continental level, the aspiration system and purification plant as well as the recovery and reuse of certain solvents were also considered.
Life cycle inventory (LCI)
Regarding the quality of data used for the life cycle inventory (LCI), lab-scale data were directly collected from the experimental procedure. In particular, laboratory data on breeding, biomolecule extraction and bioplastic production were the primary data collected during experimental tests. Where the data were not available, the study was completed on the basis of secondary data obtained from the Ecoinvent databases v3 [30] which were used to model the background processes (land use, material production, fuel and electricity production, and transport). The emissions were calculated assuming that the laboratories were fully ventilated after the conclusion of each working day (8 hr). For these emissions, the indoor concentrations were calculated considering a total laboratory volume of 480 m 3 and assuming that 1% of the emissions come from the aspiration filters with 99% efficiency. The extracted lipidic and chitinic fractions are not used for the production of bioplastic, and thus were considered as co-products. A mass allocation was used. Data relating to the following phases were considered: (a) BSF breeding; (b) BSF biomolecule fractionation; (c) bioplastic production.
(a) BSF breeding
The pilot plant consists of two main parts (physically separated):
1. Nursery: for the adult mating, oviposition and hatch of eggs; 2. Bioconverter: for the conversion of the organic waste into BSF adult larvae.
In addition, a substrate preparation system and a sorting system are installed in the demonstration plant (see Fig. 1 ). Once the reference unit was defined represented by the production in terms of 26 trays, the data relating to the following four phases were collected:
1. Nursery (Phase 1) This covers the production of eggs and larvae of Hermetia Illucens at the first stage of life. These larvae are used to transform waste and to maintain the colony in order to continue the larvae production cycle. After the adults emerge from their pupal cases, their primary focus is to mate and lay eggs. They do not feed, and only drink water and sugar. The adults are kept in a nylon cage (60 cm X 60 cm X 120 cm) inside an isothermal box (80 cm X 100 cm X 200 cm) which is made up of a rigid PE shell insulated with expanded polyurethane foam. LED lamps with three specific wavelengths (515 nm, 450 nm, 365 nm), which have the best effect on the mating and oviposition of Hermetia illucens, illuminate the cage [31] . The temperature of the nursery is fixed at 26°C and 70% of Relative Humidity [31] . A miniaturized single-board computer mounted directly on the box monitors the temperature and humidity. Attached to the single-board computer is an integrated camera in order to extrapolate with dedicated algorithms the number of flies, number of matings, and number of dead flies. Just a single initial input of pupae is needed to start up the process, thereafter the production chain constantly supports itself through limited withdrawals from the larvae colony.
Substrate preparation system (Phase 2)
The ideal substrate for the growth of larvae is prepared. The experimental design includes three components for the blend of the BSF growth substrate. The percentage (by weight) of each substrate component was optimized based on the experiments conducted in the laboratory in order to obtain the maximum number of prepupae ( Table 1) . The chicken manure is supplied by the Farm Sant'Andrea S.r.l which belongs to the Amadori group, who are key player in the livestock sector. Zeolite is added to overcome the problem of odorous emissions from the organic waste, and particularly animal manure. Zeolite is like a kind of sponge, it absorbs ammonia by reducing the unpleasant emissions and then releases it into the soil to the plants that need it. Once the zeolite is in the ground, it acts as a fertilizer.
Bioconvertor (Phase 3)
The substrate is distributed in trays, which are inserted into a steel structure by an electric forklift, and larvae are positioned on the substrate and are kept at a temperature of 30-35 °C, humidity >65%. The amount of larvae introduced varies depending on the type and amount of organic waste. The bioconversion process lasts about 12 days in which the larvae go through the various life cycle phases. Under ideal conditions, it takes about two weeks for the larvae to reach maturity. BSF larvae pass through five larval stages; on reaching the pre-pupal stage, the larva detaches from the substrate. Larvae need to leave the manure to successfully pupate into an adult, so the separation of larvae from compost is easy.
Prepupae treatment (Phase 4)
After the bioconversion, larvae and compost products are separated by a vibrating screen. Part of the colony is kept to evolve into pupae and maintain the production chain; the rest are dried at 45°C (using a dryer of 3.3 kWh) to remove water by evaporation (weight reduction of about 40%). 
(b) BSF biomolecule fractionation
Hermetia illucens prepupae are stored at -20°C in ziplock bags until use. Frozen prepupae are ground and immediately used for the various extraction analyses/treatments. As a first step, BSFs are subjected to lipid extraction (Siteia Parma Laboratory) (Fig. 2) . Lipids are extracted with petroleum ether (40-60°C boiling point fraction) in a two-step method. BSF biomass (375 gr) and petroleum ether (1 Lt) are stirred by a magnet stirrer for 1 hr. The solvent containing fats is decanted and recovered by paper filtration. The procedure is repeated. Lipids are recovered by solvent extraction with a Soxhlet extractor. Residual solvent is removed from the defatted insect pellet by evaporation overnight. The defatted insect pellet is prepared for protein extraction (Siteia Parma Laboratory) (Fig. 3) . It is treated with 40 mL of 1 M NaOH in a water bath at 40°C for 1 hr. The solution is centrifuged for 15 min at 4000 rpm. The pellet is demineralized with 40 mL of 2N HCl for 24 hours at room temperature. The proteins are recovered from the supernatant by precipitation with a solution of normal HCl 6N:
1. HCl is added to the supernatant; 2. the solution is incubated overnight at -20°C (i.e. the temperature that facilitates the aggregation of proteins); 3. the solution is centrifuged at 4°C, 4000 rpm for 15 min; 4. the pellet is dried in an oven at 60°C for 8 hr, while the supernatant is disposed of as a hazardous special waste.
The final step is the chitin separation (Fig. 4) . The pellet that has been demineralized with 40 mL of 2N HCl for 24 hours at room temperature is centrifuged for 15 min at 4000 rpm. The precipitate is washed twice with distilled water, while the supernatant is disposed of as hazardous special waste. The final residue is dried in an oven at 40°C overnight. 
(c) Production of bioplastic
The protein fraction is ground and then sieved. A mixture is prepared with distilled water, proteins, glycerol and NaOH. The mixture is heated at 60°C for 30 min and stirred at 200 rpm. The solution is poured into an aluminum wrapper and incubated under a fume hood for 24 hours at room temperature (Fig. 5) . We are still in the process of performing an agronomic evaluation of compost and biomaterials (crop productivity, weeds control, duration, biodegradability). In this first stage of the study, a composting process has been hypothesized as bioplastic end of life.
Impact assessment methodology (LCIA)
The life cycle impact assessment (LCIA) results were modelled using the IMPACT 2002+ method [32] with Simapro 8.3 [33] to determine the environmental impact. This impact assessment method covers more impact categories than other methods, includes more substances. Since it is midpoint and endpoint oriented, it provides a complete overview of the environmental performance. However, the following additions and modifications were implemented to describe the system considered in a more representative manner i.e. modification to land use (different types of land transformations were considered) and mineral extraction categories (additional resources were added) and radioactive waste (radioactive waste and its occupied volume were evaluated) [34] . The LCIA results were derived from both midpoint and endpoint levels. However, for the sake of brevity we report only the endpoint results. These are usually shown as the impact on human health, ecosystem quality, climate change and resource depletion. We decided to report only the endpoint results as the interpretation of these results does not require extensive knowledge of the environmental effects. Moreover, midpoint results can be more difficult to interpret because they consider a large number of impacts which are often difficult to understand.
RESULTS AND DISCUSSION
The analysis of results (Fig. 6) shows that the total damage associated to 1 gr bioplastic production process is equal to 3.4296 mPt. Furthermore, the main environmental impact is mainly due to energy consumption (63%), in particular, due to the energy consumption of aspiration system (93%) because of the incubation phases under aspiration hoods. In fact, the extraction process of the three fractions (lipid, protein, chitinic) and the bioplastic production provide for incubation steps under the aspiration hood whose duration is very high. Table 2 reports the environmental performance at end-point level (damage categories). Therefore, Human health, Resources and Climate change categories afflict the total damage for 31.48%, 32.06% and 26.60% respectively. In particular, in Human health the major contribute to the total impact is due to Particulates, < 2.5 μm emission in air; Resources is mainly affected by natural gas and the emission that mainly contributes to the Climate change is Carbon dioxide, fossil. All these emissions are due to electric energy production used by the aspiration system. Occupation, forest, intensive affects Ecosystem quality category (9.85% on the total damage) and is generated by wood used for the activated carbon filter production (filter typology installed in the aspiration system).
CONCLUSIONS
The results show that the energy consumption of aspiration system is high. This consumption should be reduced in order to minimize the environmental impacts but it is absolutely necessary to aspire to avoid emissions of dangerous substances. This environmental impact Figure 6 : Environmental damage by single score-bioplastic production process (1 gr). Total (mPt) 2,96E-01 9,59E-01 2,167E+00 7,16E-03 3,57E-10 1,41E-05 is perhaps due to the production process is a laboratory-scale process and not yet an industrial one. Therefore these results will help to the ecodesign of industrial production of innovative bioplastics in order to minimize these environmental hotspots.
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